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Abstract:
Diboson production at the LHC is a process of great importance both in the context of
tests of the SM and for direct searches for new physics. In this paper we present a phenomeno-
logical study of WW (→ e+νeµ−ν¯µ), WZ (→ e−νeµ+µ−), and ZZ (→ e+e−µ+µ−) production
considering event selections of interest for the anomalous triple-gauge-boson-coupling searches
at the LHC: we provide theoretical predictions within the Standard Model at NLO QCD and
NLO EW accuracy and study the effect of the anomalous triple-gauge-boson interactions at
NLO QCD. For WW and ZZ the contribution of the loop-induced gg→W+W− and gg→ ZZ
processes is included. Anomalous triple-gauge-boson interactions are parametrized in the EFT
framework. This paper is the first application of Recola2 in the EFT context.
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1 Introduction
Diboson production processes are of great importance in high-energy physics. On one hand,
they are sensitive to the gauge-boson self interaction so that their measurement provides a
crucial test of the Standard Model (SM) description of the gauge-boson dynamics. On the
other hand, diboson production at the LHC is a source of background for other SM processes
like for instance Higgs production as well as for direct searches of new physics. Therefore, a
precise theoretical knowledge of these processes is mandatory not only in view of precision tests
of the SM but also regarding new-physics searches.
The production of leptonically decaying electroweak boson pairs has been intensively studied
at the Tevatron [1–5] and in Run I of the LHC [6–12], searching for deviations from the SM
predictions and setting limits on the strength of possible non-SM triple-gauge-boson interactions
(anomalous triple-gauge-boson couplings, aTGCs in the following). Recently, the first results
for WW, ZZ and WZ production at 13 TeV have been presented in Refs. [13–15] and [16–18] by
the ATLAS and CMS collaborations, respectively.
Together with Higgs and Drell–Yan production, diboson production is one of the LHC
processes known with highest theoretical precision. Theoretical predictions for qq(
′) → V V (′)
(V = W, Z) with stable external vector bosons have been computed in Refs. [19, 20] at leading
order (LO) and in Refs. [21–26] at NLO (next-to-leading) QCD accuracy. The NNLO QCD
corrections for on shell V and V (
′) have been presented in Refs. [27, 28]. The leptonic decays of
the vector bosons have been included in the LO calculation of Ref. [29], while higher-order QCD
corrections including leptonic decays of V and V (
′) have been computed in Refs. [30–33] at NLO
and in Refs. [34–38] at NNLO. The NLO QCD corrections to qq(
′) → V V (′) + 1 jet (V = W,
Z) have been evaluated in Refs. [39–44]. Besides fixed-order calculations, diboson production
processes have been studied at NLO QCD accuracy matched with Parton Shower (NLOPS) in
the MC@NLO [45] and in the POWHEG [46, 47] framework in Refs. [45] and [48–52], respectively.
NLOPS predictions for WW+ jets with NLO merging of zero and one jet multiplicities have
been investigated in Ref. [53] in the Sherpa+OpenLoops framework [54, 55]. The NNLO QCD
corrections have been matched to resummation of the transverse momentum of the diboson [56]
and of the hardest jet [57].
Formally, the loop-induced processes gg → V V (V = W, Z) contribute to WW and ZZ
production at the same perturbative order as the NNLO QCD corrections to qq(
′) → V V ,
however, their contributions are relatively large because of the gluon luminosity. LO predictions
for the gg channel have been computed in Refs. [58–60] for stable V s and in Refs. [61–63]
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including leptonic vector-boson decays, while the NLO QCD corrections have been published
in Refs. [64, 65] where the interference with the Higgs-mediated process gg → H → V V has
been neglected. In the same approximation, the process gg → ZZ has been considered at
NLOPS accuracy in Ref. [66]. The interference with gg→ H→ V V has been studied at LO in
Refs. [67–71], the LOPS predictions have been presented in Ref. [72], the universal soft–collinear
terms of the QCD corrections have been included in Ref. [73], and the full NLO calculation has
been published in Ref. [74].
Diboson production via quark–anti-quark annihilation is sensitive to the gauge-boson self-
interaction. The impact of potential non-SM triple-gauge-boson interactions has been consid-
ered at LO in Refs. [75–80] and at NLO QCD in Refs. [81, 82, 31]. In Ref. [83] the effect of
anomalous triple-gauge-boson and fermion couplings on qq¯ → W+W− (with on-shell Ws) has
been studied at NLO QCD accuracy and compared to the one-loop electroweak corrections. The
anomalous triple-gauge-boson couplings for WW and WZ production have been included in the
QCD NLO Monte Carlo integrators MCFM [84] and VBF@NLO [85–87]. The event gener-
ators MC@NLO [88–90] and POWHEG allow to simulate WW and WZ production at NLOPS
accuracy including the effect of the anomalous W+W−V (V = Z, γ) couplings, while both
charged and neutral anomalous triple-gauge-boson couplings are included in Sherpa at LO.
Theoretical predictions for WZ production including aTGCs in the EFT framework have been
presented in Ref. [91] at NLO QCD plus parton-shower merging.
One-loop electroweak (EW)1 corrections are usually small at the level of integrated cross
sections, however, they can have a significant effect on the shape of the distributions of interest.
On one hand, photonic corrections can lead to pronounced radiative tails near resonances or
kinematical thresholds and, on the other hand, the size of the EW corrections can reach the
order of several tens of percent in the high pT or invariant-mass tails of distributions because
of the so-called Sudakov logarithms [92–97]. This in particular implies that the EW corrections
have a large impact in those regions of the phase space of interest for the searches for physics
beyond the SM. As far as diboson production is concerned, the logarithmic part [97, 98] of the
O(α) corrections to the process qq(′) → V V (′) (V = W, Z) has been computed in Refs. [99, 100]
and in Ref. [101] in the context of the searches for aTGCs. The full one-loop EW corrections
have been studied in Refs. [102–104] for stable external V and V (
′), while the leptonic vector-
boson decays were included in the form of a consistent expansion about the resonances for
WW production in Ref. [105], and in an approximate variant via the Herwig++ [106] Monte
Carlo generator for WW, ZZ and WZ production in Ref. [107]. The full O(α) calculations
based on full 2 → 4 particle amplitudes, including all off-shell effects, have been presented for
W-pair [108], Z-pair [109, 110] and ZW [111] production. The one-loop EW corrections to the
process pp→ 2l2ν have been computed in Ref. [112].
The aim of this paper is on the one hand to compare the effects of anomalous couplings
including QCD corrections with SM electroweak corrections for typical experimental event selec-
tions. On the other hand, this paper documents the first application of Recola2 [113, 114] for a
Lagrangian with anomalous couplings. To this end Recola2 model files have been constructed
with REPT1L [114] and verified by comparisons with calculations in the literature.
This article is organized as follows. In Section 2, the details of the calculation are described
together with the cross-checks that have been performed. In Section 3, we present our treatment
of the anomalous triple-gauge-boson interactions in diboson production and collect the conver-
sion rules between the EFT description of these interactions and the one based on aTGCs. The
input parameters and event selections considered in our phenomenological studies are collected
in Section 4. In Section 5, numerical results are presented for integrated cross sections and
differential distributions for WW, WZ, and ZZ production.
1EW corrections or O(α) corrections in the following.
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2 Technical details of the calculation
We compute the NLO QCD corrections to the four-lepton2 production processes at the LHC
including the effect of the anomalous triple-gauge-boson interactions.
We consider as LO the processes qq¯′ → V1V2 → l1l′1l2l′2, where V1(2) = W, Z and γ. In
addition to the SM O(α4) contribution, we include the effect of the anomalous triple-gauge-
boson interactions corresponding to the higher-dimensional operators described in Section 3.
We study the impact of dimension-6 operators for WW and WZ production, and of dimension-
8 operators for ZZ production which is insensitive to dimension-6 operators.
The NLO QCD corrections to qq¯′ → V1V2 → l1l′1l2l′2 are of order α4αs in the SM. As for
the LO calculation, in addition to the SM contribution, we include the effect of the anomalous
triple-gauge-boson interaction corresponding to dimension-6 operators (dimension-8 operators
if both V1 and V2 are neutral gauge bosons) at NLO QCD. For the SM processes qq¯
′ → V1V2 →
we also compute the corresponding NLO EW corrections.
Another contribution to WW and ZZ production in the SM is the loop-induced process
gg→ l1l′1l2l′2: though this occurs at O(α2sα4), it can be phenomenologically relevant because of
the gluon luminosity. The gg channel is not sensitive to the aTGCs; however, we compute the
gg diagrams at LO accuracy and include their contribution in our phenomenological studies.
Our calculation relies on tools like FeynRules [115, 116], REPT1L [114] and Recola2
[113, 114] together with an efficient Monte Carlo integrator.
We used the Mathematica package FeynRules to implement the SM Lagrangian (ac-
cording to the conventions of Ref. [117]) and the dimension-6 and -8 operators relevant for the
anomalous triple-gauge-boson interaction, as described in Section 3.
The UFO model file [118] generated by FeynRules is then converted into a model file
for Recola2 by means of the Python library REPT1L (Recola’s rEnormalization Procedure
Tool at 1 loop): besides deriving the tree-level as well as the one-loop Recola2 model files from
the UFO format, REPT1L performs in a fully automated way the counterterm expansion of
the vertices, sets up and solves the renormalization conditions and computes the rational terms
of type R2 for the model under consideration.
Recola2 is used for the automated generation and the numerical evaluation of the tree-
level and one-loop amplitudes starting from the model file generated by REPT1L. Recola2
is an enhanced version of the Fortran95 code Recola [119], designed for the computation
of tree-level and one-loop amplitudes in general gauge theories and using the tensor-integral
library Collier [120].
The phase-space integration is carried out with a multi-channel Monte Carlo integrator that
is a further development of the one described in Refs. [121, 122].
As a cross check, Recola2 has been interfaced to the POWHEG-BOX-V2 generator [46, 47,
123], and the results at NLO QCD in the SM have been compared for the processes qq(
′) →WW,
WZ and ZZ [51, 52]. In order to validate the implementation of the non-SM W+W−V (V = Z,
γ) interaction, we compared our results for the LO matrix-element squared computed with
Recola2 with the ones obtained with the VBF@NLO program for the CP-even dimension-
6 operators. Moreover, the NLO QCD corrections to the diagrams involving the anomalous
triple-gauge-boson interactions have been computed analytically and the results have been used
to cross check the predictions from Recola2 at the amplitude level. We also used the matrix
elements coded in the Wgamma package [124] of POWHEG-BOX-V2 to validate the implementation
of the CP-even anomalous triple-gauge-boson interaction.
As a further validation, we implemented another model into Recola2 where the anomalous
gauge-boson-interaction is parametrized in terms of anomalous couplings rather than Wilson
coefficients. We verified that this model reproduces the results of Refs. [125] and [79] for WW,
2Four-lepton stands for four charged leptons, two leptons plus two neutrinos or three charged leptons plus
neutrino.
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WZ, and ZZ production within the accuracy of the plots presented there. The two models have
been compared at the matrix element level by using the conversion formulas of Section 3 and
we found perfect agreement when the gauge-boson widths are set to zero.3
3 EFT framework for triple-gauge-boson interaction
Beyond Standard Model (BSM) effects can be parametrized in a model-independent way by
means of an effective field theory (EFT). In the Standard Model EFT, the SM Lagrangian is
generalized by adding non-renormalizable gauge-invariant operators with canonical dimension
D > 4:
Leff. = LSM +
∑
i
ci6
Λ2
Oi6 +
∑
i
ci8
Λ4
Oi8 + · · · . (3.1)
In Eq. (3.1) the operators OiD represent the effect of new physics with a mass scale Λ much
larger than the electroweak scale and are multiplied by the corresponding Wilson coefficients
ciD.
In the EFT language, the anomalous W+W−V (V = Z, γ) interaction can be parametrized
in terms of the following set of dimension-6 operators [126–129]
OWWW = −g
3
w
4
ijkW
i
µνW
νρ jW µ kρ ,
OW = −igw(DµΦ)† τk
2
Wµν k(DνΦ),
OB = +ig1
2
(DµΦ)
†Bµν(DνΦ),
O
W˜WW
= +
g3w
4
ijkW˜
i
µνW
νρ jW µ kρ ,
O
W˜
= +igw(DµΦ)
† τk
2
W˜µν k(DνΦ),
(3.2)
where gw = e/sw and g1 = e/cw correspond to the SU(2)w and U(1)Y gauge couplings, re-
spectively, τ are the Pauli matrices (twice the SU(2)w generators) and Φ stands for the Higgs
doublet.4 We use the definitions:
DµΦ =
(
∂µ − igw τ
k
2
W kµ + i
1
2
g1Bµ
)
Φ,
W iµν = ∂µW
i
ν − ∂νW iµ + gwijkW jµW kν ,
Bµν = ∂µBν − ∂νBµ ,
W˜ iµν =
1
2
µνρσW
ρσ i, with 0123 = +1.
(3.3)
3In the complex-mass scheme, the electroweak mixing angle and thus the relations between Wilson coefficients
and anomalous couplings, Eqs. (3.5) and (3.8), become complex, while we keep the anomalous couplings and
Wilson coefficients real.
4Note that our definitions of the dimension-6 and dimension-8 operators in Eqs. (3.2) and (3.6) differ from
the ones in Refs. [128] and [130] in order to match the conventions of Ref. [117] for the SM vertices while
preserving the relations (3.5) and (3.8). The field-strength tensor in Eq. (6) of Ref. [128] should be replaced
by Wµν = igτ
I(∂µW
I
ν − ∂νW Iµ − gIJKW JµWKν )/2 for internal consistency of that paper (see also Ref. [127]).
With this definition we find the following conversion rules between Ref. [128] and Ref. [117]: W iµ → −W iµ,
W±µ → −W±µ and Zµ → −Zµ. The conversion rules between Ref. [130] and Ref. [117] read: Bµ → −Bµ and
Zµ → −Zµ. Furthermore we assume that the definition of the  tensor is 0123 = +1 and 0123 = +1 in Refs. [128]
and [130], respectively. This is suggested by a comparison with results in Refs. [131] and [132], respectively.
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In the literature, the anomalous W+W−V (V = Z, γ) interaction is often parametrized in
terms of the phenomenological Lagrangian [131, 133, 75] (V = γ, Z):
L
gWWV
=i
(
gV1 (W
+
µνW
−µ −W+µW−µν)V ν + κVW+µ W−ν V µν +
λV
M2W
W+µνW−ρν Vρµ
+igV4 W
+
µ W
−
ν (∂
µV ν + ∂νV µ) + igV5 
µνρσ(W+µ ∂ρW
−
ν − ∂ρW+µ W−ν )Vσ
−κ˜VW+µ W−ν V˜ µν −
λ˜V
M2W
W+µνW−ρν V˜ρµ
)
,
(3.4)
with Xµν = ∂µXν − ∂νXµ and gWWV is the WWV coupling in the SM (gWWγ = −e, gWWZ =
ecw/sw). It is possible to relate Eq. (3.4) to the EFT framework of Eqs. (3.2) according to the
relations
gZ1 = 1 + cW
M2Z
2Λ2
,
κγ = 1 + (cW + cB)
M2W
2Λ2
,
κZ = 1 +
(
cW − cB s
2
w
c2w
)
M2W
2Λ2
,
λγ = λZ = cWWW g
2
w
3M2W
2Λ2
,
gV4 = g
V
5 = 0,
κ˜γ = cW˜
M2W
2Λ2
,
κ˜Z = −cW˜
s2w
c2w
M2W
2Λ2
,
λ˜γ = λ˜Z = cW˜WW g
2
w
3M2W
2Λ2
. (3.5)
At tree-level, there is no triple-gauge-boson interaction in the neutral sector in the SM. However,
this kind of interaction can arise in some extensions of the SM and can be described in the EFT
framework. We follow the approach of Ref. [130] and consider the set of dimension-8 operators,5
OBW = −i Φ†Bµν τi
2
Wµρ i {Dρ, Dν}Φ + h.c.,
OWW = i Φ† τi
2
τj
2
W iµνW
µρ j {Dρ, Dν}Φ + h.c.,
OBB = i Φ†BµνBµρ {Dρ, Dν}Φ + h.c.,
O
B˜W
= −i Φ†B˜µν τi
2
Wµρ i {Dρ, Dν}Φ + h.c.,
(3.6)
which are added to the SM Lagrangian (h.c. denotes the hermitian conjugate). In Eq. (3.6), Dµ
represents the SU(2)w×U(1)Y covariant derivative and {Dµ, Dν} = DµDν +DνDµ. As for the
case of the anomalous W+W−V interaction, in the literature the neutral triple-gauge-boson
5There is no dimension-6 contribution to neutral triple-gauge-boson interactions [134, 135].
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interaction has been described in terms of phenomenological Lagrangians [136, 131, 132, 80,
137, 138]:
LV V V = e
M2Z
[
− [fγ4 (∂µAµβ)− fZ4 (∂µZµβ)]Zα(∂αZβ)
+ [fγ5 (∂
σAσµ)− fZ5 (∂σZσµ)]Z˜µβZβ
+ [hγ1(∂
σAσµ)− hZ1 (∂σZσµ)]ZβAµβ + [hγ3(∂σAσρ)− hZ3 (∂σZσρ)]ZαA˜ρα
+
{
hγ2
M2Z
[∂α∂β∂
ρAρµ]− h
Z
2
M2Z
[∂α∂β(+M2Z)Zµ]
}
ZαAµβ
−
{
hγ4
2M2Z
[∂σAρα]− h
Z
4
2M2Z
[(+M2Z)∂σZρα]
}
ZσA˜ρα
]
. (3.7)
Note that our conventions differ from those of Ref. [132] by a minus sign in the Z-boson field.
The constants can be expressed in terms of Wilson coefficients via the relations:6
fγ4 =
vev2M2Z
4cwswΛ4
(
cwswcWW −
(
c2w − s2w
)
cBW − 4cwswcBB
)
,
fZ4 =
M2Zvev
2
4cwswΛ4
(
c2wcWW + 2cwswcBW + 4s
2
wcBB
)
,
fγ5 =
vev2M2Z
4cwsw
c
B˜W
Λ4
,
fZ5 = 0,
hγ1 = −
vev2M2Z
4cwswΛ4
(
s2wcWW − 2cwswcBW + 4c2wcBB
)
,
hZ1 =
vev2M2Z
4cwswΛ4
(−cwswcWW + (c2w − s2w) cBW + 4cwswcBB) ,
hγ2 = 0,
hZ2 = 0,
hγ3 = 0,
hZ3 =
vev2M2Z
4cwsw
c
B˜W
Λ4
,
hγ4 = 0,
hZ4 = 0. (3.8)
In Eqs. (3.4)–(3.8), MV (V = W, Z) represent the gauge-boson masses, cw = MW/MZ and
sw =
√
1− c2w are the cosine and sine of the weak-mixing angle,7 e is the electric charge, and
vev = 2MWsw/e represents the vacuum expectation value of the Higgs-doublet field Φ.
Cross sections and/or differential distributions obtained from the Lagrangian in Eq. (3.1)
have the form
σ = σSM2 + σSM×EFT6 + σEFT62 + σSM×EFT8 + σEFT82 + . . . , (3.9)
with
σSM×EFT6 ∝ c6
Λ2
, σEFT62 ∝
c26
Λ4
σSM×EFT8 ∝ c8
Λ4
, σEFT82 ∝
c28
Λ8
. (3.10)
It is clear from Eqs. (3.9)–(3.10) that the σEFT62 and σSM×EFT8 are of the same order in the 1/Λ
expansion. This means that for a generic EFT model a consistent 1/Λ expansion at the lowest
6Note that in Ref. [130] the coefficient fZ4 is wrong by a factor 2
7Be careful to discriminate the Wilson coefficient cW and the cosine of the weak mixing angle cw.
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order should only include the σSM×EFT6 term. On the other hand, a wide range of strongly
interacting BSM models exists where the σSM×EFT8 term is subleading with respect to σEFT62
terms without invalidating the EFT expansion [139, 140, 125]. For these reasons in Section 5
we show our numerical results for the impact of the anomalous triple-gauge-boson interaction to
WW and WZ production both with and without the contribution of the σEFT62 terms. Similar
considerations hold for dimension-8 operators in ZZ production.
In the phenomenological analysis of Sections 5.1–5.2 for WW and WZ production we con-
sider the following values for the Wilson coefficients corresponding to the dimension-6 operators
in Eq. (3.2) that are consistent with experimental limits of Ref. [141]:
c+W
Λ2
= 3× 10−6 GeV−2, c
−
W
Λ2
= −3× 10−6 GeV−2,
c+B
Λ2
= 1.5× 10−5 GeV−2, c
−
B
Λ2
= −1.5× 10−5 GeV−2,
c+WWW
Λ2
= 3× 10−6 GeV−2, c
−
WWW
Λ2
= −3× 10−6 GeV−2,
c˜+W
Λ2
= 1× 10−6 GeV−2, c˜
−
W
Λ2
= −1× 10−6 GeV−2,
c˜+WWW
Λ2
= 3× 10−6 GeV−2, c˜
−
WWW
Λ2
= −3× 10−6 GeV−2. (3.11)
For the Wilson coefficients of the dimension-8 operators in Eq. (3.6) we use the values
c+BB
Λ4
= 2× 10−12 GeV−4, c
−
BB
Λ4
= −2× 10−12 GeV−4,
c+WW
Λ4
= 3.5× 10−12 GeV−4, c
−
WW
Λ4
= −3.5× 10−12 GeV−4,
c+BW
Λ4
= 2× 10−12 GeV−4, c
−
BW
Λ4
= −2× 10−12 GeV−4,
c+
B˜W
Λ4
= 2× 10−12 GeV−4, c
−
B˜W
Λ4
= −2× 10−12 GeV−4, (3.12)
which are consistent with the experimental bounds of Ref. [8].
4 Input parameters and cuts
We study the impact of the anomalous triple-gauge-boson interactions at the LHC with a centre-
of-mass energy of 13 TeV. Our numerical predictions are obtained using the Gµ scheme, where
the electromagnetic coupling α is derived from Gµ with the relation
αGµ =
√
2
pi
GµM
2
W
(
1− M
2
W
M2Z
)
. (4.1)
The relevant SM input parameters are [142]:
Gµ = 1.1663787× 10−5 GeV−2,
MOSW = 80.385 GeV, Γ
OS
W = 2.085 GeV,
MOSZ = 91.1876 GeV, Γ
OS
Z = 2.4952 GeV,
MH = 125 GeV, ΓH = 4.097 MeV,
mt = 173.2 GeV, Γt = 1.369 GeV. (4.2)
Except for the top quark, all the other fermions are considered as massless, and we use a
diagonal CKM matrix. The on-shell W and Z masses are converted to the corresponding pole
values as [143]:
MV =
MOSV√
1 + (ΓOSV /M
OS
V )
2
, ΓV =
ΓOSV√
1 + (ΓOSV /M
OS
V )
2
, V = W,Z. (4.3)
The complex-mass scheme (CMS) [144–146] is used in order to deal with the presence of
resonances. In the CMS the weak mixing angle is derived from the ratio µW/µZ with µ
2
V =
7
M2V − iΓVMV . Besides the W and Z resonances, also top resonances appear in the real QCD
corrections to WW production with initial-state b quarks. In the loop-induced processes gg→
WW and gg→ ZZ also Higgs resonances are present.
For the parton distribution functions (PDFs), the LHAPDF6.1.6 package [147] is used and
the NNPDF23 nlo as 0118 qed PDF set [148–150] is employed. The same PDF set is used to
compute both the LO and NLO results. The factorization and renormalization scales for the
processes pp → V V ′ are set to (MOSV + MOSV ′ )/2. The corresponding value of αs is taken from
the used PDFs.
For WW production we consider the cuts of Refs. [7] and [9] for ATLAS and CMS, respec-
tively. The ATLAS setup can be summarized as follows:
pT,l > 20 GeV, |ηl| < 2.5, pmaxT,l > 25 GeV,
M invll > 10 GeV, E
miss
T > 20 GeV, E
rel
T > 15 GeV,
0 jets with pT,jet > 25 GeV, |ηjet| < 4.5.
(4.4)
The CMS setup is:
pT,l > 20 GeV, |ηl| < 2.5,
M invll > 12 GeV, E
miss
T > 20 GeV, pT,ll > 30 GeV,
0 jets with pT,jet > 30 GeV, |ηjet| < 5.
(4.5)
In Eqs. (4.4)–(4.5), l stands for a charged lepton, pT,ll and M
inv
ll are the transverse momentum
and the invariant mass of the charged lepton pair, pmaxT,l is the transverse momentum of the
hardest lepton, i.e. the lepton with highest pT, and E
miss
T is the missing momentum in the
transverse plane obtained from the sum of the momenta of the two neutrinos. Finally, ErelT is
defined as
ErelT =
{
EmissT sin∆φl if ∆φl ∈
[−pi2 , pi2 ] ,
EmissT if ∆φl /∈
[−pi2 , pi2 ] , (4.6)
where ∆φl is the difference in azimuthal angle between the direction of the missing-momentum
vector ~EmissT and the momentum of the charged lepton closest to
~EmissT .
At NLO QCD the large-pT,l region of WW production is dominated by kinematical config-
urations where a W boson is recoiling against a hard quark that radiates a soft W boson. Since
this kind of process does not depend on aTGCs [82], the sensitivity to aTGCs is largely lost when
moving from LO to NLO. Therefore, both ATLAS and CMS impose a jet veto for the search of
aTGCs in the WW channel. We define jets according to the anti-kt algorithm [151–153] with
R parameter 0.4 and 0.5 for the ATLAS and the CMS event selection, respectively.
The ATLAS analysis setup for the process pp→WZ reads [6]:
pT,li > 15 GeV, |ηli | < 2.5, pT,lW > 20 GeV, |ηlW | < 2.5,
|M invl1l2 −MZ| < 10 GeV, MT,W > 30 GeV,
∆Rli,lW > 0.3, ∆Rl1,l2 > 0.2, p
max
T,l > 25 GeV,
(4.7)
while the CMS one reads [12]:
pT,l > 20 GeV, |ηl| < 2.5, EmissT > 30 GeV, M inv3l > 100 GeV,
M invl1l2 ∈ [71, 111] GeV, ∆Rli,lW > 0.1.
(4.8)
In Eqs. (4.7)–(4.8) li, i = 1, 2, are the two leptons coming from the Z decay, lW is the charged
lepton from the W decay, MWT is the transverse mass of the W boson defined as
MWT =
√
2pT,lpT,ν(1− cos∆φlν), (4.9)
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Setup LO [fb] NLO QCD [fb] NLO EW [fb] gg [fb]
ATLAS no b 281.13(3)+6.1%−7.4% 262.1(1)
+2.9%
−2.5% 272.66(8)
+6.3%
−7.6% 29.5(5)
+25%
−18%
ATLAS with b 285.61(3)+6.5%−7.8% 291.4(1)
+2.6%
−3.3% 276.98(8)
+6.6%
−7.9% 29.5(5)
+25%
−18%
CMS no b 239.77(2)+6.0%−7.3% 238.3(1)
+2.3%
−2.4% 231.58(7)
+6.1%
−7.4% 27.3(3)
+25%
−18%
CMS with b 243.84(2)+6.3%−7.7% 279.1(1)
+2.8%
−3.9% 235.49(7)
+6.5%
−7.8% 27.3(3)
+25%
−18%
Table 1: Integrated cross section for the process pp→ e+νeµ−ν¯µ at
√
s = 13 TeV in the ATLAS
and CMS setups of Eqs. (4.4) and (4.5), respectively. The numbers in parentheses correspond to
the statistical error on the last digit. The uncertainties are estimated from the scale dependence,
as explained in the text.
M inv3l is the invariant mass of the three charged leptons, and M
inv
l1l2
is the invariant mass of
charged-lepton pair coming from the Z decay. If more than one l+l− pair can be assigned to
the Z boson, the Z-boson candidate with invariant mass M invl1l2 closest to the nominal Z-boson
mass is selected. Finally,
∆Rlilj =
√
(ηli − ηlj )2 + ∆φ2lilj (4.10)
is the rapidity–azimuthal-angle separation of the leptons li and lj .
The ATLAS and the CMS cuts for the four-charged-lepton analysis of Refs. [8, 10] are very
similar. In our phenomenological studies we consider the ATLAS event selection:
pT,l > 7 GeV, |ηl| < 2.5, pmaxT,l > 25 GeV, ∆Rli,lj > 0.2,
M invZ1 ∈ [66, 116] GeV, M invZ2 ∈ [66, 116] GeV,
(4.11)
In Eq. (4.11), Z1 and Z2 stand for the two Z bosons reconstructed from pairs of same flavour
and opposite-charge leptons (in the following we will only consider the process pp→ e+e−µ+µ−
where only one pairing is possible).
In all the setups described above, when computing NLO EW corrections we recombine
final-state charged leptons and photons if ∆Rlγ < 0.1.
5 Phenomenological results
5.1 WW production
Our predictions for the integrated cross sections for the process pp → e+νeµ−ν¯µ are collected
in Table 1. The LO results are compared to the ones at NLO QCD and NLO EW accuracy.
The contribution of the loop-induced gg →WW process is also shown. The ATLAS and CMS
setups in Table 1 correspond to the event selection in Eqs. (4.4) and (4.5), respectively. For
both setups we present our results both with and without the contribution of the processes with
initial-state b quarks. The impact of these processes is of order 2% for LO and NLO EW, but
becomes of order 11−17% for NLO QCD, because the gb→WWb channel is enhanced by the
presence of top resonances. On one hand, this channel is absent in the four-flavour scheme,
on the other hand, the t-channel single-top contribution is usually subtracted in experimental
analyses. We prefer to use the same PDF set NNPDF23 nlo as 0118 qed and the 5-flavour
scheme for all diboson production processes and simply discard the contribution of initial-state
b quarks (at the integrated-cross-section level the two approaches lead to very similar results
as shown in Table 2). If not otherwise stated, the effect of initial-state b quarks is included in
the following.
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ATLAS σNLO QCD [fb]
pT, jet ≤ 25 GeV 50 GeV 100 GeV 200 GeV 1000 GeV
5f with b 291.4(1)+2.6%−3.3% 458.0(1)
+4.5%
−5.5% 699.5(2)
+7.1%
−7.5% 796.3(2)
+7.7%
−7.5% 817.2(2)
+7.8%
−7.2%
5f no b 262.1(1)+2.9%−2.5% 334.4(1)
+2.0%
−2.6% 389.2(1)
+3.3%
−2.7% 423.0(1)
+4.0%
−3.2% 439.0(1)
+4.3%
−3.5%
4f 260.1(1)+2.8%−2.4% 330.3(1)
+1.9%
−2.6% 383.7(1)
+3.4%
−2.7% 416.9(1)
+4.1%
−3.3% 432.6(1)
+4.5%
−3.5%
Table 2: Integrated cross section at NLO QCD for the process pp→ e+νeµ−ν¯µ at
√
s = 13 TeV
in the ATLAS setup of Eq. (4.4) for different values of the jet veto. The results in the third line
(5f with b) are computed using the 5-flavour PDF set NNPDF23 nlo as 0118 qed with initial-
state b-quark contribution included. These contributions are omitted in the results in the fourth
line (5f no b). In the last line the 4-flavour PDF set NNPDF30 nlo as 0118 nf 4 is used. Same
notation and conventions as in Table 1.
In Table 1 and following tables the numbers in parentheses correspond to the statistical
integration error, while the uncertainties are estimated from scale variation: we set the factor-
ization and renormalization scales to µF = KFµ0 and µR = KRµ0 (µ0 being the central scale
choice described in Section 4) and we evaluate the cross sections for the following combinations
of (KF,KR):
(KF,KR) =
{(1
2
,
1
2
)
,
(1
2
, 1
)
,
(
1,
1
2
)
,
(
1, 1
)
,
(
1, 2
)
,
(
2, 1
)
,
(
2, 2
)}
. (5.1)
The upper and lower values of the cross sections in Table 1 correspond to the upper and lower
limits of the so-obtained scale variations. At LO and NLO EW, scale uncertainties only result
from variation of the factorization scale and are of the same order. In contrast, the scale
dependence at NLO QCD results from variation of both factorization and renormalization scales
and is smaller than the LO one.
The gg → WW channel gives a positive contribution of order 10% with respect to the LO
results. The NLO EW corrections are of order −3%. If the initial-state b-quark contribution
is not included, also the NLO QCD corrections turn out to be negative: this is a consequence
of the jet veto in Eqs. (4.4) and (4.5) that basically removes the real QCD corrections to WW
production.
The dependence of the NLO QCD corrections to the fiducial cross section on the jet veto is
shown in Table 2, for different setups, where we set the maximum jet-pT cut to 25, 50, 100, 200
and 1000 GeV. Besides results based on 5-flavour PDFs with and without initial-state bottom
contributions we also provide results based on 4-flavour PDFs. While the cross sections in the
5-flavour scheme agree well with those in the 4-flavour scheme when omitting the b-induced
contributions, the latter give a sizable extra contribution that grows with increasing jet veto.
In Fig. 1 the dependence of the NLO QCD corrections on the jet veto is illustrated for the
distributions in the transverse momenta of the hardest lepton (pT,l) and of the charged-lepton-
pair (pT,ll). The real QCD corrections become more and more important as the jet veto is
loosened, leading to large positive QCD corrections in particular in the high-pT region. Even
for strict jet veto, for both the setups of Eqs. (4.4) and (4.5) the NLO QCD corrections become
positive once the processes with initial-state b quarks are taken into account (not shown).
Our predictions at the differential-distribution level are collected in Figs. 2–6 for some sample
observables. Figures 2–6 confirm the pattern described above at the cross-section level: both
the EW and QCD corrections are small in those bins that give the largest contribution to the
integrated cross section, while their size increases in the high-pT and invariant-mass regions.
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Figure 1: Differential distribution in the transverse momentum of the hardest lepton (pmaxT,l ) and
in the pT of the charged-lepton pair (pT,ll) for the process pp→ e+νeµ−ν¯µ at
√
s = 13 TeV under
the event selections of Eq. (4.4) for different values of the jet pT entering the veto condition in
Eq. (4.4). Lower panels: ratio between the NLO QCD and the LO predictions (the same PDF
set is used at LO and NLO QCD). The contribution from initial-state b quarks is not included.
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Figure 2: Differential distributions in the transverse momentum of the positron (pT,e) for the
process pp→ e+νeµ−ν¯µ at
√
s = 13 TeV for the ATLAS and CMS event selections of Eqs. (4.4)
and (4.5), respectively. The LO results (black lines) are compared to the ones at NLO QCD
(red lines) and NLO EW (blue lines). The gg contribution is also shown (green lines). Lower
panels: ratio of the NLO QCD, NLO EW and gg contributions with respect to the LO (red,
blue and green lines, respectively). The orange lines correspond to the ratio of the NLO QCD
corrections and the LO predictions if the processes with initial-state b quarks are not included
(see text for details). For all curves the central value of the factorization and renormalization
scales is used and the error bars correspond to the statistical integration uncertainties. Note
that the same PDF set is employed for both the LO and NLO predictions.
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Figure 3: Differential distributions in the transverse momentum of the muon (pT,µ) for the
process pp→ e+νeµ−ν¯µ at
√
s = 13 TeV for the ATLAS and CMS event selections of Eqs. (4.4)
and (4.5), respectively. Same notations and conventions as in Fig. 2.
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Figure 4: Differential distribution in the transverse momentum of the hardest lepton (pmaxT,l )
and in the invariant mass of the charged-lepton pair (M invll ) for the process pp→ e+νeµ−ν¯µ at√
s = 13 TeV under the event selections of Eqs. (4.4) and (4.5). Same notations and conventions
as in Fig. 2.
The distributions in the transverse momenta of the positron, muon, and hardest lepton (pT,e,
pT,µ, and p
max
T,l , respectively), as well as in the invariant mass of the charged lepton pair M
inv
ll
are shown in Figs. 2–4. For these observables the NLO EW corrections decrease monotonically
and become of order −20% in the tails of the distributions. If the processes with initial-state
b quarks are not considered, the NLO QCD corrections behave similar as the NLO EW ones and
reach −60% to −70% for pT ' 400 GeV and M invll ' 1.2 TeV. The contribution of initial-state
b quarks is positive and mainly concentrated in the region between 100 and 300 GeV in the
pT distribution (100 and 600 GeV in the M
inv
ll distribution). By looking at Figs. 2 and 3 we
find a large difference in the contribution of the processes with initial-state b quarks to the pT,e
(and pT,µ) distributions for the ATLAS and CMS setups: we verified that this effect mainly
comes from the difference in the jet veto threshold in Eqs. (4.4) and (4.5). In the pT and M
inv
ll
range considered in Figs. 2–4, the impact of the gg channel is basically one order of magnitude
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Figure 5: Differential distribution in the transverse momentum of the charged-lepton pair (pT,ll)
and in the missing transverse momentum (EmissT ) for the process pp→ e+νeµ−ν¯µ at
√
s = 13 TeV
under the event selections of Eqs. (4.4) and (4.5). Same notations and conventions as in Fig. 2.
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Figure 6: Differential distribution in the positron and muon rapidities (ye and yµ, respectively)
for the process pp→ e+νeµ−ν¯µ at
√
s = 13 TeV under the event selections of Eqs. (4.4) and (4.5).
Same notations and conventions as in Fig. 2. The gg channel gives a flat contribution of a few
percent and is not shown to improve the plot readability.
smaller than the LO prediction (except for the first few bins of the M invll distribution, where
this contribution is of order 20−30%).
The differential distributions of the charged-lepton-pair transverse momentum (pT,ll) and
the missing transverse energy8 (EmissT ) are shown in Fig. 5. Since at LO E
miss
T = pT,ll, these
two observables are closely related, and the corresponding NLO corrections are similar. As in
the case of the lepton-pT distributions in Figs. 2–4, the NLO EW corrections are negative and
their size increases with pT,ll (E
miss
T ) reaching the value of −15% for pT,ll, EmissT ' 300 GeV. If
the processes with initial-state b quarks are not included, the NLO QCD corrections become
negative and large (of order −50%) in the tail of the distributions. The peak in the NLO QCD
corrections around 90 GeV is a consequence of the jet veto in Eqs. (4.4)–(4.5): as can be seen
in Fig. 1, the position of the peak is shifted to larger pT,ll values as the jet-pT threshold is
8In our calculation EmissT corresponds to the transverse momentum of the two neutrinos.
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Figure 7: Ratio R
LO(NLO)
lin(quad) as a function of the transverse momentum of the hardest lepton for
the process pp→ e+νeµ−ν¯µ in the ATLAS setup of Eq. (4.4). The ratios between the theoretical
predictions including both the aTGCs and the SM results at LO (left plots) are compared to
the ratios at NLO QCD accuracy (right plots). In each plot the upper panel corresponds to the
ratio where the non-SM contributions are included only up to the interference terms σ
LO(NLO)
SM×EFT6,
while in the lower panel both the σ
LO(NLO)
SM×EFT6 and the σ
LO(NLO)
EFT62
terms are considered. For all
curves the central value of the factorization and renormalization scales is used and the error
bars correspond to the statistical integration uncertainties.
increased. A similar feature is there for the initial-state b-quark contribution, where the peak
is much more pronounced.
Figure 6 shows the differential distributions in the positron and muon rapidities (ye and
yµ, respectively). Both EW and QCD corrections are basically flat as a function of the lepton
rapidities, while the processes with initial-state b quarks give a larger contribution in the central
region.
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Figure 8: Ratio R
LO(NLO)
lin(quad) as a function of the invariant mass of the charged-lepton pair for the
process pp → e+νeµ−ν¯µ in the CMS setup of Eq. (4.5). Same notation and conventions as in
Fig. 7.
Concerning the impact of the anomalous triple-gauge-boson interactions, we consider the
ratios
R
LO(NLO)
lin =
d
(
σSM2 + σSM×EFT
)LO(NLO) QCD
/dX
dσ
LO(NLO) QCD
SM2
/dX
,
R
LO(NLO)
quad =
d
(
σSM2 + σSM×EFT + σEFT2
)LO(NLO) QCD
/dX
dσ
LO(NLO) QCD
SM2
/dX
,
(5.2)
(with X = pmaxT,l ,M
inv
ll ) at LO and NLO QCD accuracy. In the R
NLO
lin (quad) ratios the NLO
QCD corrections to the diagrams involving the aTGCs are included as well. For the Wilson
coefficients we use the values listed in Eq. (3.11). In Figs. 7–8 only one Wilson coefficient is
different from zero for each curve. Since the t-channel single-top contribution is subtracted in
the experimental searches for aTGCs, in Figs. 7–8 the contribution of the processes with initial-
state b quarks is not included. Without these processes the NLO QCD corrections become of
order −60% and −70% for pmaxT,l ' 500 GeV and M invll ' 1.2 TeV: we thus limit our analysis to
the pmaxT,l and M
inv
ll values below 500 GeV and 1.2 TeV, respectively, since for larger transverse
momenta or invariant masses the differential distributions are strongly suppressed by the NLO
QCD corrections.
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Figure 9: Ratio between the EFT62 contribution to the process pp → e+νeµ−ν¯µ computed at
NLO QCD (σNLO
EFT62
) and LO (σLO
EFT62
) accuracy as a function of the hardest lepton pT (left plot)
and as a function of the charged-lepton-pair invariant mass. The labels ATLAS and CMS refer
to the event selections of Eq. (4.4) and (4.5), respectively. The ratio between the SM predictions
at NLO QCD and at LO accuracy is also shown (black lines).
The impact of aTGCs on the distributions in the transverse momentum of the leading lepton
(pmaxT,l ) and the invariant mass of the charged lepton pair (M
inv
ll ) at LO is shown in the left plots
of Figs. 7–8. Comparing the predictions for RLOlin and R
LO
quad reveals that the σ
LO
EFT62
terms give
the largest contribution in the high pT and/or invariant-mass regions. Since the σ
LO
EFT62
terms
are positive, the results for RLOquad using the two sets c
− and c+ of Wilson coefficients in Eq. (3.11)
are very similar. With the numerical values in Eq. (3.11), the largest deviation from the SM
predictions come from the cB and cW coefficients as far as only the σ
LO
SM×EFT6 interferences are
considered, while also the cWWW and c˜WWW coefficients give a sizable contribution when the
σLO
EFT62
terms are included (the contributions of the cWWW and c˜WWW coefficients to R
LO
lin and
RLOquad are very similar and the corresponding curves basically overlap in Figs. 7–8).
The results for RNLOlin and R
NLO
quad are shown in the right plots of Figs. 7–8. On one hand
RNLOlin behaves in a similar way to R
LO
lin , on the other hand the impact of the aTGCs is in
general smaller at NLO QCD in particular at high pT and/or invariant masses (with the only
exception of the cWWW coefficient that contributes more at NLO QCD
9). The situation changes
for RNLOquad, where the sensitivity to the aTGCs is strongly reduced with respect to the LO in
particular in the tails of the distributions.10 At LO the leading contribution to RLOquad is given
by the positive and growing σLO
EFT62
terms. At NLO we have
RNLOquad = R
NLO
lin +
dσNLO
EFT62
dσNLO
SM2
, (5.3)
where
dσNLO
EFT62
dσNLO
SM2
=
dσLO
EFT62
dσLO
SM2
δQCD
EFT62
δQCDSM
, with δQCD
EFT62
=
dσNLO
EFT62
dσLO
EFT62
, δQCDSM =
dσNLOSM
dσLOSM
. (5.4)
9For on-shell vector bosons, it was pointed out in Ref. [154] that the interference of the OWWW operator with
the SM amplitude is suppressed at LO but not at NLO QCD.
10This has already been observed in Ref. [82].
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Setup LO [fb] NLO QCD [fb] NLO EW [fb]
W−Z ATLAS 12.6455(9)+5.5%−6.8% 23.780(4)
+5.5%
−4.6% 11.891(4)
+5.6%
−6.9%
W−Z CMS 9.3251(8)+5.3%−6.7% 17.215(4)
+5.4%
−4.3% 8.870(2)
+5.5%
−6.7%
W+Z ATLAS 18.875(1)+5.2%−6.4% 34.253(6)
+5.3%
−4.3% 17.748(8)
+5.3%
−6.5%
W+Z CMS 14.307(1)+5.0%−6.2% 26.357(6)
+5.4%
−4.3% 13.600(4)
+5.1%
−6.3%
Table 3: Integrated cross section for WZ production at
√
s = 13 TeV in the ATLAS and CMS
setups of Eqs. (4.7) and (4.8), respectively. In the first column W+Z (W−Z) is a short-hand
notation for the process pp → e+νeµ+µ− (pp → e−νeµ+µ−). The numbers in parentheses
correspond to the statistical error on the last digit. The uncertainties are estimated from the
scale dependence, as explained in the text.
The NLO QCD corrections suppress the EFT62 terms much stronger than the SM contributions
as shown in Fig. 9 for the observables under consideration. Figure 9 also reveals why the EFT62
contribution is more suppressed for the charged-lepton invariant mass rather than for the hardest
lepton pT.
Figures 7–8 also show the relative EW NLO corrections determined from the ratio between
the NLO EW results and the LO results in the SM. While the introduction of a jet veto is useful
to preserve the sensitivity to the aTGCs, it leads to large and negative NLO QCD corrections if
the jet veto threshold is small. As a result the effect of the NLO EW corrections is emphasized
and can become larger than the one of the aTGCs.
5.2 WZ production
The results for the integrated cross sections for WZ production at a centre-of-mass energy
of 13 TeV are presented in Table 3 for the ATLAS and CMS setups of Eqs. (4.7) and (4.8),
respectively. In Table 3 and Figs. 10–14,W+Z (W−Z) is a short-hand notation for the process
pp→ e+νeµ+µ− (pp→ e−νeµ+µ−). The LO predictions are compared to the ones at NLO QCD
and NLO EW accuracy. The numbers in parentheses correspond to the statistical integration
error, while the upper and lower values of the cross sections correspond to the upper and lower
limits from scale variations (5.1). Scale uncertainties are of the same order at LO and NLO EW
and do not decrease significantly at NLO QCD as a consequence of the large QCD corrections.
The cross sections for the W+Z channel are about 50% larger than the ones for the W−Z
channel: this can be attributed to the parton flux within the proton which is larger for the
up quark than for the down quark. The NLO EW corrections are of order −6% and −5% in
the ATLAS and CMS setups, respectively. The NLO QCD corrections are positive and reach
the value of +80% and +90%, depending on the setup. This is due to the fact that diboson
production at LO only proceeds via quark–antiquark annihilation, while at NLO QCD new
channels appear that involve initial-state gluons (namely gq → ZW±q′ and gq → ZW±q′) and
are enhanced because of the gluon luminosity. In principle, the same happens also for WW
production. However, the jet veto in the event selections (4.4) and (4.5) strongly suppresses
the real QCD corrections and in particular the contributions of the processes with initial-state
gluons: this explains the different behaviour of NLO QCD corrections for WW and WZ shown
in Tables 1 and 3.
In Figs. 10–13 we collect results for differential distributions for the process pp→ e+νeµ+µ−.
The distributions in the transverse momentum of the positron (pT,e+), the antimuon (pT,µ+),
and the muon–antimuon pair (pT,µ+µ− , i.e. the Z-boson transverse momentum) are shown in
Figs. 10 and 11. For these distributions the NLO EW corrections are negative and show the
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Figure 10: Upper panels: differential distributions in the transverse momentum of the positron
(pT,e+) and the antimuon (pT,µ+) for the process pp → e+νeµ+µ− at
√
s = 13 TeV for the
ATLAS and CMS event selections of Eqs. (4.7) and (4.8), respectively. The LO results (black
lines) are compared to the ones at NLO QCD (red lines) and NLO EW (blue lines). Lower
panels: ratio of the NLO QCD, and NLO EW contributions with respect to the LO (red and
blue lines, respectively). In order to improve the plot readability the NLO QCD predictions
have been divided by a factor 10 in the ratio NLO QCD/LO. For all curves the central value
of the factorization and renormalization scales is used and the error bars correspond to the
statistical integration uncertainties. Note that the same PDF set is employed for both the LO
and NLO predictions.
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Figure 11: Differential distribution in the transverse momentum of the muon–antimuon pair
(pT,µ+µ−) and in the WZ transverse mass (M
3lν
T ) for the process pp → e+νeµ+µ− at
√
s =
13 TeV under the event selections of Eqs. (4.8) and (4.7). The NLO QCD predictions have been
divided by a factor 10 (2) in the ratio NLO QCD/LO as a function of pT,µ+µ− (M
3lν
T ). Same
notations and conventions as in Fig. 10.
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Figure 12: Differential distribution in the positron and antimuon rapidities (ye+ and yµ+ , respec-
tively) for the process pp→ e+νeµ+µ− at
√
s = 13 TeV under the event selections of Eqs. (4.7)
and (4.8). Note that the NLO QCD predictions have been divided by a factor 2 in the ratio
NLO QCD/LO. Same notations and conventions as in Fig. 10.
typical Sudakov behaviour above about 100 GeV where they start to decrease monotonically
and become of order −23/−25% in the tails of the distributions under consideration. The
NLO QCD corrections are positive, large, and increasing for large pT. These corrections are
dominated by real QCD contributions as has been verified by playing with jet veto cuts. In
the presence of hard QCD radiation the four-lepton system recoils against the radiated parton,
and the leptons can likely acquire large transverse momentum. Note that in the plots the NLO
QCD corrections have been divided by a factor 10.
The right plot in Fig. 11 shows the differential distribution in the transverse mass of the
WZ system defined as:
M3lνT =
√√√√√
 3∑
`i=1
pT,`i + |~pmissT |
2 −
 3∑
`i=1
p`i,x + p
miss
x
2 +
 3∑
`i=1
p`i,y + p
miss
y
2 . (5.5)
As described in Ref. [111], the NLO EW corrections are dominated by the real photon radiation
below the peak, then show a plateau between the peak and about 300 GeV (where they are of
order−5%), while for largerM3lνT values they decrease up to−20% forM3lνT = 1 TeV. Compared
to the transverse momentum distributions, the M3lνT observable is less affected by NLO QCD
corrections: these contributions are positive, reach the order of +135% for M3lνT around 500 GeV
and then start to slowly decrease.
Figure 12 shows the differential distributions in the positron and the antimuon rapidities
(ye+ and yµ+ , respectively). The NLO EW corrections are basically flat and of the same order
as the NLO EW corrections to the integrated cross section. The NLO QCD corrections are
positive, slightly more pronounced in the central region and again of the same order as the
NLO QCD corrections to the integrated cross section.
The ratios R
LO(NLO)
lin(quad) , defined in Eq. (5.2), are shown in Figs. 13 and 14 as a function of
the Z-boson transverse momentum (pT,µ+µ−) and as a function of the WZ transverse mass
(M3lνT ). As in Figs. 7 and 8 we use the values in Eq. (3.11) for the Wilson coefficients, and
only one Wilson coefficient is different from zero for each curve. From a qualitative point of
view, Figs. 13 and 14 show the same behaviour for RLOlin , R
LO
quad, and R
NLO
lin as Figs. 7 and 8
for WW production. On one hand, by comparing the upper and lower panels of the left plots
in Figs. 13–14 we conclude that the largest contribution comes from the σLO
EFT62
terms (with
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Figure 13: Ratio R
LO(NLO)
lin(quad) as a function of the muon–antimuon transverse momentum for the
process pp → e+νeµ+µ− in the CMS setup of Eq. (4.8). Same notation and conventions as in
Fig. 7. In order to improve the plot readability, in the RLOlin ratio (upper panels, left plots) the
curves labelled with c±W /4 correspond to our predictions where the c
±
W coefficients in Eq. (3.11)
have been divided by a factor 4.
the only exception of the cW coefficient, for which the σ
LO
EFT62
terms become larger than the
interference terms only in the tails of the distributions under consideration). On the other hand,
comparing the left and the right plots in Figs. 13–14 reveals that the NLO QCD corrections
tend to reduce the sensitivity to the aTGCs (with the exception of the cWWW coefficient in
RNLOlin ) in particular for the R
NLO
quad ratio.
11 Even though RLOlin(quad) and R
NLO
lin show the same
qualitative behaviour for WW and WZ production, from a quantitative point of view we notice
that WZ production is more sensitive to aTGCs and in particular to the cW coefficient.
The shape of the RNLOquad distribution can be understood by looking at the NLO QCD correc-
tions to the EFT62 contributions (Fig. 15) and Eqs. (5.3) and (5.4). At variance with the WW
case, where the jet veto in the event selections (4.4), (4.5) suppresses real QCD radiation, for
WZ production the NLO QCD corrections to the EFT62 contributions are positive and large
owing to real-radiation corrections but much smaller than the corrections to the SM process
(this is particularly evident for the pT,µ+µ− distribution). This is due to the fact that QCD
radiation reduces the centre-of-mass energy of the diboson system with respect to the LO. Since
11For similar results see Ref. [81].
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Figure 14: Ratio R
LO(NLO)
lin(quad) as a function of the WZ transverse mass for the process pp →
e+νeµ
+µ− in the ATLAS setup of Eq. (4.7). Same notation and conventions as in Fig. 7. In
order to improve the plot readability, in the RLOlin ratio (upper panels, left plots) the curves
labelled with c±W /2 correspond to our predictions where the c
±
W coefficients in Eq. (3.11) have
been divided by a factor 2.
the aTGCs contribution increases with the centre-of-mass energy of the diboson system, at NLO
QCD the aTGCs contribution is suppressed.
5.3 ZZ production
The results for the fiducial cross sections for the process pp → e+e−µ+µ− at 13 TeV under
the event selection of Eq. (4.11) are collected in Table 4. The LO results are compared to the
predictions at NLO QCD and NLO EW accuracy. The contribution of the loop-induced process
gg → ZZ is also shown. The NLO EW corrections are of order −8% while the NLO QCD
corrections amount to +35%. The gg channel contributes about +17% of the LO prediction.
For massless quarks the gg channel results only from quark-box diagrams, while for the massive
top quark also s-channel Higgs production via a top loop contributes. For a light top quark
the contribution of the gg channel amounts to +24% of the LO cross section, i.e. the large top
mass reduces the cross section by 7%. The numbers in parentheses represent the integration
error on the last digit, while the upper and lower values for the cross sections correspond to
the uncertainty coming from scale variation according to Eq. (5.1). Scale uncertainties are of
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Figure 15: Ratio between the EFT62 contribution to the process pp→ e+νeµ+µ− computed at
NLO QCD (σNLO
EFT62
) and LO (σLO
EFT62
) accuracy as a function of the WZ transverse mass (left
plot) and as a function of the transverse momentum of the muon–antimuon pair. The labels
ATLAS and CMS refer to the event selections of Eq. (4.7) and (4.8), respectively. The ratio
between the SM predictions at NLO QCD and at LO accuracy is also shown (black lines).
LO [fb] NLO QCD [fb] NLO EW [fb] gg [fb]
11.0768(5)+6.3%−7.5% 14.993(2)
+3.1%
−2.4% 10.283(2)
+6.4%
−7.6% 1.8584(4)
+25%
−18%
Table 4: Fiducial cross section for the process pp → e+e−µ+µ− at √s = 13 TeV in the setup
of Eqs. (4.11). The numbers in parentheses correspond to the statistical error on the last digit.
The uncertainties are estimated from the scale dependence, as explained in the text.
the same order for the LO and the NLO EW predictions and are reduced by a factor of two at
NLO QCD.
The differential distribution in the transverse momentum of the positron (pT,e+), the an-
timuon (pT,µ+), the muon–antimuon pair (pT,µ+µ−), and the hardest Z boson [p
max
T,Z = max(pT,µ+µ− ,
pT,e+e−)] are shown in Figs. 16 and 17. For these distributions the NLO EW corrections are
negative and decrease monotonically reaching the value of about −40% for pT,e+ and pT,µ+ of
order 600 GeV and −50% for pT,µ+µ− and pmaxT,Z of order 800 GeV. The NLO QCD corrections
are positive, large, and increase at high pT. As pointed out in Section 5.2, this is due to the
opening of the gluon-initiated channels that contribute to the real QCD corrections and enhance
the high-pT region.
Figure 18 shows the differential distributions as a function of the four-lepton invariant mass
(M inv4l ) and as a function of the rapidity difference of the two Z bosons (∆yZZ). The M
inv
4l
distribution peaks near 2MZ: below the peak the NLO EW corrections are dominated by real
photon radiation, while above the peak they have the same Sudakov behaviour found in the
pT distributions and reach the value of −45% for M inv4l of order 2 TeV. At variance with the
case of the transverse-momentum distributions, the NLO QCD corrections to the four-lepton
invariant-mass distribution are relatively flat (they reach the value of +50% for M inv4l between
0.5 and 1 TeV and then they decrease with M inv4l ). Both the NLO EW and the NLO QCD
corrections to the Z-boson-pair rapidity difference are essentially flat: the NLO QCD corrections
are somewhat larger for large |∆yZZ|, while the contribution of the gg channel is of order +20%
for ∆yZZ between −2 and 2 and decreases for larger values of |∆yZZ|.
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Figure 16: Upper panels: differential distributions in the transverse momentum of the positron
(pT,e+) and the antimuon (pT,µ+) for the process pp → e+e−µ+µ− at
√
s = 13 TeV for the
event selection of Eq. (4.11). The LO results (black lines) are compared to the ones at NLO
QCD (red lines) and NLO EW (blue lines). The gg contribution is also shown (orange lines).
Lower panels: ratio of the NLO QCD, NLO EW and gg contributions with respect to the LO
(red, blue and orange lines, respectively). For all curves the central value of the factorization
and renormalization scales is used and the error bars correspond to the statistical integration
uncertainties. Note that the same PDF set is employed for both the LO and NLO predictions.
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Figure 17: Differential distribution in the muon–antimuon-pair transverse momentum (pT,µ+µ−)
and in the hardest Z-boson transverse momentum (pmaxT,Z) for the process pp → e+e−µ+µ− at√
s = 13 TeV under the event selections of Eq. (4.11). Same notations and conventions as in
Fig. 16.
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Figure 18: Differential distribution in the four-lepton invariant mass (M inv4l ) and in the Z-pair
rapidity difference (∆yZZ) for the process pp → e+e−µ+µ− at
√
s = 13 TeV under the event
selections of Eq. (4.11). Same notations and conventions as in Fig. 16.
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Figure 19: Differential distribution in the positron and antimuon rapidities (ye+ and yµ+) for
the process pp → e+e−µ+µ− at √s = 13 TeV under the event selections of Eq. (4.11). Same
notations and conventions as in Fig. 16.
The differential distributions in the positron and antimuon rapidities (ye+ and yµ+ , respec-
tively) are shown in Fig. 19. Both the NLO EW and the NLO QCD corrections are basically
flat and of the same order as the corrections to the fiducial cross section.
Concerning the sensitivity to the neutral aTGCs, Figs. 20 and 21 show the differential distri-
bution of the ratios R
LO(NLO)
lin(quad) , defined in Eq. (5.2), as a function of the transverse momentum
of the hardest Z boson and as a function of the four-lepton invariant mass. For the Wilson
coefficients of the dimension-8 operators involved in ZZ production we use the values listed in
Eq. (3.12). As in Figs. 7 and 8, for each curve in the plot only one Wilson coefficient is different
from zero. Figures 20 and 21 confirm the same pattern already described for the dimension-6
operators in WW and WZ production. First of all, by comparing R
LO(NLO)
lin and R
LO(NLO)
quad we
notice that the leading effect comes from the EFT82 contributions: this feature is much more
evident than in the WW and WZ case, since R
LO(NLO)
lin turns out to be sensitive only to the cB˜W
coefficient, while for R
LO(NLO)
quad there is a dependence on all four possible Wilson coefficients.
Even for cB˜W , the EFT8
2 contributions always dominate over the SM× EFT8 contributions.
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Figure 20: Ratio R
LO(NLO)
lin(quad) as a function of the transverse momentum of the hardest Z boson
for the process pp→ e+e−µ+µ− at √s = 13 TeV under the event selections of Eq. (4.11). Same
notation and conventions as in Fig. 7.
By comparing RLOlin(quad) and R
NLO
lin(quad) we conclude that the NLO QCD corrections reduce the
dependence on the Wilson coefficients of the dimension-8 operators. For RNLOquad the reduction
in the sensitivity to the aTGCs is more pronounced for the pmaxT,Z observable rather than for
the four-lepton invariant-mass distribution. This can be understood by comparing the NLO
QCD corrections to the EFT82 terms, which furnish the leading contribution to RLOquad, with
the NLO QCD corrections to the SM results, using equations analogous to Eqs. (5.3) and (5.4).
The distributions of δQCD
EFT82
and δQCDSM are shown in Fig. 22. While for the distribution in the
transverse momentum of the leading Z boson we find the same behaviour as already described
in Section 5.2 for WZ production, for the distribution in M inv4l the NLO QCD corrections to the
EFT82 contribution and the ones to the SM prediction are similar (they differ only by up to
40%).
6 Conclusions
A precise theoretical understanding of diboson production processes at the LHC is crucial both
in the context of tests of the SM and in the one of the direct searches for anomalous triple-
gauge-boson interactions.
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Figure 21: Ratio R
LO(NLO)
lin(quad) as a function of the four-lepton invariant mass for the process
pp → e+e−µ+µ− at √s = 13 TeV under the event selections of Eq. (4.11). Same notation and
conventions as in Fig. 7.
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Figure 22: Ratio between the EFT82 contribution to the process pp→ e+νeµ+µ− computed at
NLO QCD (σNLO
EFT82
) and LO (σLO
EFT82
) accuracy as a function of the transverse momentum of
the hardest Z boson (left plot) and as a function of the four-lepton invariant mass (right plot)
under the event selections of Eq. (4.11). The ratio between the SM predictions at NLO QCD
and at LO accuracy is also shown (black lines).
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In this paper we presented a phenomenological study of WW (→ e+νeµ−ν¯µ), WZ (→
e−νeµ+µ−), and ZZ (→ e+e−µ+µ−) production considering event selections of interest for
the aTGCs searches at the LHC. For WW and ZZ production we included the impact of the
loop-induced gg→ V V processes at LO.
The calculation described in this paper is the first application of Recola2 in the EFT
context: aUFOmodel file including the SM Lagrangian as well as the dimension-6 (-8) operators
relevant for WW and WZ (ZZ) production have been implemented using the Mathematica
package FeynRules. The model file has been converted to a Recola2 model file by means
of the Python library REPT1L. All NLO QCD and NLO EW corrections in this paper have
been computed with Recola2.
The code has been used to study the effect of the aTGCs in the EFT framework at LO
and at NLO QCD for some observables of experimental interest. We found that the sensitivity
to the aTGCs is in general reduced at NLO QCD because of real radiation contributions,
like the opening gq/gq channels, which are less sensitive to the aTGCs. From a quantitative
point of view, the reduction in the sensitivity to aTGCs depends on the analysis setup and
on the observables under consideration. If the terms involving squared anomalous couplings
(EFT2 terms) are taken into account, this effect is proportional to the ratio of the NLO QCD
corrections to the EFT2 terms and the NLO QCD corrections to the SM predictions. We also
disentangled the effect of the interference terms linear in the anomalous couplings (SM× EFT)
and the EFT2 terms and we showed how the latter dominate over the interference terms almost
everywhere in the distributions of interest for the aTGCs searches at the LHC.
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